In the present study, we demonstrated the utility of the nonmammalian model system Galleria mellonella for studying the pathogenesis of Staphylococcus aureus infection. By use of clinical and laboratory strains that had been exposed to vancomycin, we showed that both agr functional status and vancomycin minimum inhibitory concentration are determinants associated with the virulence of S. aureus in G. mellonella. These results show that G. mellonella can be effectively used to facilitate the in vivo study of S. aureus virulence and, more specifically, the relationship between antibiotic drug resistance and the pathogenesis of infection.
ments, an overnight culture was diluted 1:1000 in 200 L of brain-heart infusion broth in the wells of a 96-well plate and incubated at 37°C. Eight replicate wells were used for each strain, and optical density at 600 nm (OD 600 ) was recorded for 24 h. Growth kinetic experiments were performed twice.
For the G. mellonella killing assays, caterpillars in the final instar larval stage (Vanderhorst) were stored in the dark and used within 7 days after shipment. Caterpillars 250 -350 mg in weight were used in all assays. Sixteen randomly chosen caterpillars were used for each group in an experiment. Before inoculation into G. mellonella, bacterial cells were washed with PBS and then diluted to an appropriate cell density, as determined by OD 600 . A 10-L Hamilton syringe was used to inject 10-L aliquots of the inoculum into the hemocoel of each caterpillar via the last left proleg (figure 1) [9] . Bacterial colony counts on Luria-Bertani agar were used to confirm all inocula. After injection, caterpillars were incubated in plastic containers, and the number of dead caterpillars was scored daily. Caterpillars were considered dead when they displayed no movement in response to touch.
For all experiments, 2 control groups were used. The first group included caterpillars that were inoculated with PBS to monitor for killing due to physical trauma, and the second group included caterpillars that received no injection. Experiments that had Ͼ2 dead caterpillars in either control group were discarded and repeated. For simplicity, the control groups are not included in the figures. Survival curves were plotted using the Kaplan-Meier method, and differences in survival were calculated using the log-rank test (Stata software; version 6). Differences were considered statistically significant at P Ͻ .05. At least 3 independent experiments were performed for all G. mellonella killing experiments. Representative experiments are presented.
Results. As shown in figure 2A , inoculation of G. mellonella with a reference strain of S. aureus (ATCC 29213) resulted in rapid killing of the caterpillars. Killing was significantly dependent on the number of S. aureus cells injected ( figure 2A) as well as the incubation temperature after inoculation. The rate of killing was slower at 30°C (figure 2B) than at 37°C (figure 2A). Thus, for further experiments we used inocula of 1 ϫ 10 5 -1 ϫ 10 6 cfu/larva and incubated the infected G. mellonella at 37°C. To evaluate whether G. mellonella killing was caused by a noninfectious reaction, such as that due to staphylococcal cell wall components, we determined the survival of caterpillars after injection of heat-killed S. aureus. No killing was observed in this group (data not shown). Melanization is also part of the infection process in insects [8] , and during the course of S. aureus infection caterpillars demonstrated obvious signs of melanization ( figure 2C and 2D) .
To confirm the utility of G. mellonella as a model to study the virulence of S. aureus, we assessed the effects of dysfunction in the global virulence regulator agr on killing by staphylococci in G. mellonella. This virulence regulator has been shown to be important in a range of hosts, including mammals [12] . As shown in figure 2E , infection with an agr knockout mutant (RN9120) caused significantly less killing than its agr ϩ parent strain (RN6607) (P Ͻ .01), thus highlighting the importance of this virulence regulator in the pathogenesis of S. aureus infection in G. mellonella. The growth kinetics of these isogenic strains were comparable (figure 2F).
To assess the pathogenic consequences of reduced susceptibility to vancomycin in S. aureus, we used a carefully selected sample of isogenic clinical pairs of strains from patients who had been exposed to vancomycin (table 1). All pairs demonstrated the same pattern, whereby the strain with the elevated vancomycin MIC was significantly less virulent than its vancomycinsusceptible progenitor when injected at a similar inoculum into G. mellonella (figure 2G and 2H). Interestingly, the degree of A S. aureus accessory gene regulator (agr) knockout mutant (RN9120) caused significantly less killing than its isogenic parent strain (RN6607) (P Ͻ .001) (E). Growth kinetics of the laboratory strains RN6607 and RN9120 and their vancomycin-exposed derivatives were measured by optical density at 600 nm (OD 600 ) (F). The killing of G. mellonella was significantly attenuated after infection with a vancomycin-nonsusceptible S. aureus strain compared with an isogenic, vancomycin-susceptible progenitor strain (for A8094 vs. A8090, P Ͻ .001; for A9639 vs. A9635, P Ͻ .05; for A5940 vs. A5937, P Ͻ .01; for A6226 vs. A6224, P Ͻ .05) (G and H ). The growth kinetics of clinical pairs A6224/A6226 and A5937/A5940 were measured by OD 600 (I) . Infection of G. mellonella with laboratory strains of S. aureus that were exposed to vancomycin showed that derivatives of the agr Ϫ mutant (RN9120V and RN9120-VISA) were significantly attenuated in their killing compared with the derivative of the agr ϩ strain (RN6607V) (P Ͻ .01) (J). In an agr Ϫ background (RN9120), attenuation of virulence was correlated with the vancomycin MIC. difference in killing was proportional to the difference in the vancomycin MIC. For example, the pair A8090/A8094 (1 and 8 g/mL, respectively) showed the greatest difference in G. mellonella killing between the susceptible and resistant isolates (figure 2G) . The attenuation in G. mellonella killing by the less susceptible of each clinical pair was similar whether the initial progenitor strain was methicillin susceptible (A9635) or methicillin resistant (all others). The functional agr activity for each strain is shown in table 1.
Given the known association between slower growth kinetics and the hVISA/VISA phenotype [13] , we assessed the growth rates of all included strains. At 24 h, all pairs reached a similar OD 600 value (figures 2I and 3). Interestingly, the pair with the greatest difference in growth at earlier time points (A6224/ A6226) (figure 2I) had the smallest difference in killing between the susceptible and nonsusceptible strains (figure 2H). Moreover, a pair that had similar growth over 24 h (A5937/A5940) (figure 2I) exhibited a larger difference in killing ( figure 2H ). Moreover, in contrast to A5937 (susceptible progenitor), A5940 had evidence of agr dysfunction, providing further support that agr dysfunction significantly attenuates virulence without necessarily affecting the growth of S. aureus in vitro.
To confirm our observations using paired clinical isolates, we assessed the effects of laboratory derived hVISA/VISA strains in the G. mellonella infection model. This allowed control of both antibiotic exposure (vancomycin only) and agr function. As has been shown previously, the vancomycin MIC increases significantly more with an agr knockout mutant (RN9120, RN9120V, and RN9120-VISA) than with its parent strain (RN6607 and RN6607V) during in vitro vancomycin exposure (table 1) [7] . When inoculated into G. mellonella, the attenuation in virulence was significantly more pronounced in the derivatives of the agr knockout strain (RN9120V and RN9120-VISA) than in its vancomycin-exposed agr ϩ parent (RN6607V) (figure 2J). Similar to what we observed using the clinical strains, as the vancomycin MIC increased (RN9120 to RN9120-VISA), the degree of G. mellonella killing significantly decreased (P Ͻ .001) ( figure  2J ). Thus, these experiments support a role for both agr functional status and for vancomycin MIC as correlates of S. aureus virulence in G. mellonella. At 24 h, all vancomycin-exposed laboratory strains had a similar OD 600 value (figure 2F).
Discussion. This report describes, for the first time, the utility of the greater wax moth, G. mellonella, as a model to study the virulence of S. aureus. Using both clinical and laboratory strains, we have demonstrated that with the evolution of reduced susceptibility to vancomycin, the virulence of S. aureus becomes attenuated. The degree to which virulence is attenuated appears to be proportional to the vancomycin MIC.
The mechanism of this attenuation in virulence is likely multifactorial. First, as our results show, functional loss of the agr global regulator is associated with impaired virulence in the G. mellonella model. The agr locus of S. aureus is a quorum-sensing gene cluster that up-regulates production of secreted virulence factors, including the ␣-, ␤-, and ␦-hemolysins [4] , and has been shown to be important for S. aureus virulence in mammals [12] . Furthermore, the association between loss of agr function and reduced susceptibility to vancomycin in S. aureus has now been well described [4] . The G. mellonella survival curve analysis of pairs A5937/A5940 ( figure 2H ) and RN6607/RN9120 ( figure  2E ), all of which had very similar growth kinetics, strongly supports a role for agr dysfunction in attenuating virulence in S. aureus. However, the progenitor strains from the other clinical pairs had evidence of impaired agr function (table 1) . Thus, apart from agr, other genes that may affect S. aureus virulence are likely involved in the genetic evolution of the hVISA/VISA phenotype, and these may include mutations in vraSR and graR [14] .
We also demonstrated that some S. aureus strains that are less susceptible to vancomycin have impaired growth during the first few hours of incubation. The structural and metabolic changes associated with the development of a hVISA/VISA strain are probably costly to S. aureus fitness. However, although slower growth may contribute to attenuated virulence, it is clear from our findings that it is not the full explanation. More specifically, the clinical pair with the greatest difference in growth kinetics (A6224/A6226) had the smallest difference in killing of G. mellonella, and, conversely, the pair with minimal difference in growth (A5937/A5940) had larger differences in G. mellonella killing ( figure 2H and 2I) .
To date, the mechanism of G. mellonella killing by S. aureus is unknown. The insect has cellular and humoral immune response pathways that are mediated by hemocytes and antimicrobial peptides, respectively. Interestingly, in preliminary experiments, we observed a higher staphylococcal burden in tissue at 8 h after inoculation for the more pathogenic A8090 strain than for its less pathogenic pair (A8094), suggesting that host immune responses are probably important for the differences in G. mellonella killing by S. aureus. Further research on host response is ongoing.
In conclusion, we have demonstrated the utility of the nonmammalian model system, G. mellonella, for assessing the virulence of S. aureus. Using an agr knockout mutant, we have shown an important correlation between the pathogenesis of S. aureus infection in G. mellonella and that seen in mammalian models. Finally, in all strains studied that have developed the hVISA/ VISA phenotype, either in vitro or in clinical circumstances, virulence toward G. mellonella is attenuated as the vancomycin MIC increases. 
